This study aims to investigate the performance of a low-strength magnetic field in membrane bioreactors (MBRs) for membrane fouling mitigation and its effects on sludge characteristics and microbial community.
Introduction
Membrane fouling, which substantially reduces the ux permeability and thus deteriorates the ltration performance of membranes, is an inevitable phenomenon that occurs during the application of membrane bioreactors (MBRs).
1,2
Recently, magnetic technology combined with membrane bioreactors (MBRs) has garnered attention from researchers. Liu et al. 3 and Ren et al. 4 reported that the size of the aerobic granular sludge with magnetic seeds increased as the particle size increased and the membrane fouling rate was signicantly reduced by adding magnetic species. Magnetic bio-effect is considered to be the main factor in mitigating membrane fouling when magnetic powder is added in membrane bioreactors (MBRs) for membrane fouling mitigation. 5 Wang et al. 6 reported that magnetic powder improved the dehydrogenase activity, enhanced the biomass growth, and exhibited good performance in the mitigation of membrane fouling. Chen et al. 7 found that there are a variety of microbial species in the reactor and that the membrane fouling rate can be decreased by adding magnetic particles to the MBR.
Compared with other fouling mitigation techniques, the advantages of a magnetic-MBR include greater exibility, less chemical usage, excellent effluent quality, 8 and the ability to counter fouling by simultaneously integrating membrane ltration, magnetism, and biological treatment into a single system. 9, 10 In recent years, the physical, chemical and biological effects of magnetic elds on the microbial degradation process have been widely studied in biologically activated sludge.
11,12
Both the growth of microorganisms 13, 14 and the biodegradation ability of microorganisms could be affected by magnetic eld. 15 However, the knowledge of the sludge properties, microbial community as well as their connection to membrane fouling by a magnetic eld, especially low-intensity magnetic eld, in MBRs is still limited. Also, the anti-fouling mechanisms of lowintensity magnetic eld, fullled by magnetic bioeffects, have not been well examined and still need to be veried.
In this study, a permanent magnet was applied to a membrane bio-reactor (MBR) with magnetic activated sludge (MP-MBR) to form a magnetic-MBR (M-MBR). A comparison was conducted to evaluate the performance of M-MBR and MP-MBR based on sludge properties and membrane fouling. In order to link the microbial community and membrane fouling, highthroughput sequencing technology served to compare the microbial communities of bulk sludge and biolm sludge in both MBRs at the genus level and possible anti-fouling mechanisms of a low-strength magnetic eld were also examined and discussed.
Materials and methods

Operation of MBRs
In order to better understand the mechanism of a magnetic eld on membrane fouling control, parallel experiments of M-MBR and MP-MBR were investigated. The experimental apparatus is shown in Fig. 1 .
The CODcr of the wastewater was approximately 500 mg L À1 .
The operation of both the MBRs was as follows: the wastewater was fed into the reactor from the original water tank using a peristaltic pump, and an electronic timer was used to maintain a 10 minute water cycle that included a run time of 8 minutes and a stop time of 2 minutes, in which the content in the effluent was constant, the membrane ux was 25 L (m À2 h À1 ), the hydraulic retention time (HRT) was 4.8 h, the aeration was continuous, the dissolved oxygen was approximately 3 mg L À1 , the temperature inside the reactor was kept between 15 C and 25 C, and the pH value was maintained between 6.5 and 7.5. A vacuum gauge was installed in the outlet pipe to monitor the TMP, and the membrane was cleaned when the TMP reached a critical value of 0.05. In the M-MBR process, two permanent magnets on a turntable were symmetrically placed on both sides of the center of the at lm, which has dual purposes: directly inuencing microbial activities and controlling the magnetic powder movement in MBR process. The length, width and height of the permanent magnets were 100 mm, 100 mm and 10 mm, respectively. The intensity of the magnetic eld could be adjusted from 0 mT to 45 mT by regulating the distance from the turntable. The rotation rate of the turntable was controlled by the electronic timer, and the rotary run time : down time were 1 min : 2 min, 2 min : 2 min, and 3 min : 2 min. Based on the organic removal efficiency and the change in the MLSS and TMP under different magnetic eld intensities and rotary run time : down time values, a magnetic eld strength of 35 mT and a rotary run time : down time of 2 min : 2 min were determined as the optimal experimental conditions. The results are not shown in this paper. A frame plate membrane module from Shanghai Snapp Membrane Separation Technology Co., Ltd., was used. The membrane was composed of polyvinylidene uoride (PVDF) and had a total area of 0.1 m 2 and a pore size of 0.1 mm.
Fe 3 O 4 powder, which is a common magnetic material with weak magnetic properties and strong adsorption ability due to its surface area, was used in this study. The powder size ranged from 1 mm to 12 mm, with 50% within the size range of 2-4 mm. The magnetic powder was pretreated as follows: 20 g of magnetic powder (with the Fe 3 O 4 content greater than 98%) was added to a 1 L beaker and mixed with deionized water. The magnetic powder was allowed to settle for 30 minutes under the action of a round magnet placed in the bottom of the beaker, and then the supernatant was removed. The settling step was repeated twice, and then the beaker was placed in an oven at 105 C for 24 h. Before it was added to the MBR process, the magnetic powder was transferred to a 1 L beaker, which was placed on the permanent magnet for 30 minutes to magnetize the magnetic powder.
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A quantication approach, indicated by mean SD, was used. Data in the gures are mean AE SD values of 3 replicates and mean was used for data analysis and comparison.
Analysis methods
All effluent samples were ltered through 0.45 mm membrane lters (mixed cellulose ester, Advantec) before chemical analysis. The MLSS concentration was measured using the standard method.
18 Dehydrogenase was measured by following the Tracey method. 19 The zeta potential of the supernatant was measured using a Zeta meter (ZetaSizer3000, England). The membrane samples were analyzed using attenuated total reectance Fourier transform infrared (ATR-FTIR) spectroscopy (Spectrum One, Perkin Elmer) to characterize the chemical functional groups of the dried sludge samples. The pretreatment process for sample preparation began with the slow removal of the loose sludge from the membrane surface using water, cleaning the surface gel layer of the diaphragm using deionized water, and drying the mixed liquid in a drying oven at 105 C. The surface contaminants from the above procedure was mixed with KBr powder (1 : 100), which was dried to a constant weight in a vacuum dryer and pressed into pellets using a tablet press. The spectra were recorded over the wavelength range of 4000 cm À1 to 400 cm À1 .
Proteins and polysaccharides are the largest components of SMPs; therefore, they can be used to infer the SMP content. The amounts of polysaccharides were measured using the anthrone-sulfuric acid method and those of the proteins were measured via UV-vis spectrophotometry.
The activated sludge samples were collected from the seed sludge and the biolm samples were taken from the fouled membranes using a sterile steel knife. Aer DNA extraction and PCR amplication, the microbial communities were analyzed by Illumina MiSeq sequencing.
Results and discussion
Aer 3 months of operation, both the MBR processes exhibited a stable COD removal performance. Magnetic powder 
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(650 mg L À1 ) was added to one of the MBR reactors to form an MP-MBR; magnetic powder with the same dosage and two permanent magnets was applied to another MBR to form an M-MBR. Both reactors were operated under the same conditions (details are given in Section 2.1). ported by Liu et al. 5 The signicantly low fouling rate in the M-MBR indicates that integrating the magnetic eld unit into an MBR system is a promising method to alleviate the negative effects of membrane fouling, thereby prolonging the operation periods for MBRs.
The performance of two MBRs
Zeta potential and particle sizes of mixed liquor colloid
Zeta potential is an important indicator of membrane fouling. During the operation period, the value of the zeta potential of the two reactors decreased in the early stage and remained at a lower level in the later stage, with a small uctuation. The zeta potential of the MP-MBR changed from À11.7 mV to À26.255 mV, with a mean value of À23.395 mV, while the zeta potential of the M-MBR changed from À2.989 mV to À13.917 mV, with a mean value of À10.020 mV. The value of the zeta potential of the M-MBR was 57.17% smaller than that of the MP-MBR, which indicated that the magnetic eld played a very signicant role in decreasing the zeta potential in the mixed liquor colloid. Zhou et al., 20 in their study, documented similar results and found that the maximum sludge zeta potential reduction (46.5% to 51.4%) was achieved when the center of the magnetic eld was approximately 0.4 T. Li et al. 21 also found that the zeta potential of the sludge was greatly inuenced by a parallel magnetic eld and that the largest reduction was to 46.5% (Fig. 3) .
One cause of the difference in membrane fouling rates was the variation in the distribution of particle sizes in the mixed Fig. 4 Change in the content of SMPs of activated sludge mixed liquor. liquor. The average particle sizes of the sludge in the two reactors were detected. In the control-MBR, the particle sizes of the sludge changed from 117.32 mm to 162.09 mm, which was not a signicant increase. The size of the particles in the sludge in the M-MBR was always larger than that in the control-MBR, which increased evidently from 146.22 mm to 280.17 mm.
There was a marked increase in the particle size from 28.89 mm to 118.08 mm, showing that the application of a magnetic eld could signicantly increase the sludge particle size.
Effect of a low-strength magnetic eld on SMP
According to previous reports, SMPs have been found to play an important role in membrane fouling. 22, 23 Polysaccharides and proteins as the major components of SMP were analyzed periodically from the mixed liquors of each MBR.
According to Fig. 4 , the SMP content in the two reactors increased with time, and as expected, the SMP content and the proportion of proteins and polysaccharides in the M-MBR remained lower than those in the MP-MBR. It is evident that polysaccharides are the dominant component in the SMPs in both reactors. The lower protein to polysaccharide ratio in the M-MBR implies better settleability due to the hydrophobic nature of proteins. SMPs have been found to play an important role in membrane fouling. 24 It has been reported that the variations in EPS and SMP simply reect changes in the microbial community. 25 Consequently, it is necessary to compare microbial communities of both the MBRs.
To corroborate the degradation of SMPs in bound water in sludge due to adsorption and bio-oxidation, FTIR analysis was performed to determine the variations in the functional groups of the sludge samples and the cake layer. As shown in Fig. 5 , peaks of the functional groups of proteins and polysaccharides were clearly distinguished in the FTIR spectra.
From the spectra in Fig. 5 , the trends of the cake layer on the membrane surface and for a mixed liquid were always the same. There were ve additional signicant absorption peaks in the mixed liquid spectra, whose wavenumbers were 1057 cm À1 ,
cm
À1
, 1739 cm À1 , 2925 cm À1 and 3412 cm À1 .
The 3412 cm À1 absorption peak was generated by the oscillatory contraction of the O-H bond, possibly indicating the presence of organic acids. The 2925 cm À1 absorption peak was generated by the oscillatory contraction of the aliphatic C-H bond, and the 1650 cm À1 absorption peak was generated by the oscillatory contraction of the C]N bond and its amideassociated state, illustrating the existence of amide compounds; the structure of the amide compounds was the typical structure of proteins. 26 The 1739 cm À1 absorption peak was generated by the carbonyl C]O bond, which may be related to polysaccharides, and the 1057 cm À1 absorption peak was generated by methyl C-H symmetric bending vibrations, which is very useful for the identication of methyl groups and may also be related to carbohydrates.
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The amount of substances in the cake layer and the mixture of the absorption peaks in the M-MBR were signicantly less than those in the MP-MBR, showing that the amounts of organic acids, polysaccharides and proteins in the M-MBR were signicantly less than those in the MP-MBR. This conclusion is consistent with the conclusions presented in Section 3.1. As a type of protein, dehydrogenase (DHA) in living organisms can realize the hydrogen atom activation of organic matter in the oxidation process, the transfer of energy and the promotion of material circulation. The activity of dehydrogenase in a mixed liquid in the M-MBR was always higher than that in the MP-MBR. The dehydrogenase activity in the MP-MBR was between 41. 27 28 showed that magnetic elds could enhance the rate of phenol biodegradation in the activated sludge mixed culture by 30%. Ren et al. 29 found that lower magnetic elds (15-25 mT) enhanced the permeability of the cell membrane and improved the activity of the oil-degrading bacteria. Thus, the appropriate magnetic eld intensity plays a role in promoting the metabolism of microorganisms. The magnetic eld stimulated the synthesis of microbial cells and the secretion of more dehydrogenase; thus, the total amount of dehydrogenase in the system increased, and more substrate was consumed.
3.4 Effect of a low-strength magnetic eld on microbial community and composition 3.4.1 Microbial diversity and richness. High-throughput sequencing served to characterize the microbial community and the composition in the MBRs, and provided deep insights into the effect of a low-strength magnetic eld on the microbial community and membrane fouling mitigation. The microbial population distribution in a mixed solution from the reactors and on the membrane surface was analyzed. (Note that in this section, MO1 represents the membrane surface in the MP-MBR, MO2 represents the membrane surface in the M-MBR, HHY1 represents the MP-MBR activated sludge mixed liquor, HHY2 represents the M-MBR activated sludge mixed liquor, and HHY0 represents the activated sludge mixed liquid without any material.) To reect the abundance of each sample more intuitively, the parts with very low abundance were collectively presented as "other" in the chart; taking the genus level as an example, the abundance pie charts of the sample species were drawn. Aer necessary denoising and ltering, the effective reads from each sample were used for further analyses. The diversity estimators of Chao Index, Ace Shannon, Simpson and Good's coverage for each sample are illustrated in Table 1 . In this study, the Good's coverage of all samples was above 0.93, indicating that the sequencing depth could reect the real microbial community for both MBRs.
It was apparent that both the microbial richness (estimated by Chao 1 and Ace) and diversity (estimated by Shannon and Simpson) of bulk sludge and biolm layer in M-MBR were higher than those in MP-MBR. Thus it could be inferred that the microbial community in M-MBR had greater richness and more diversity than that in MP-MBR, and further comparison of the microbial composition was conducted to reveal more information on the microbial community differences between those in the M-MBR and MP-MBR.
3.4.2 Comparison of microbial community at the genus level. To better understand the effect of introducing a lowstrength magnetic eld on the microbial community and composition and the procedure to mitigate membrane fouling, the sequence reads obtained from Illumina MiSeq sequencing were systematically analyzed at the genus level. Fig. 6 shows that some abundance differences existed among sample species at the genus level; the abundances of MO1, MO2, HHY1, HHY2, and HHY0 were 20, 23, 17, 18 and 15, respectively. From the viewpoint of the overall structure, MO1 and MO2, HHY1 and HHY2 were similar, but HHY0 was different from the others. The deep blue slices of the MO1 and MO2 pie charts represent the Burkholderia genus, which accounted for 17% of MO1 and 28% of MO2, 5% of HHY1 and 4% of HHY2, respectively; HHY0 did not contain this genus. The content of this genus on the membrane surface was much higher than that in the mixture. The members of the genus Burkholderia were formerly classied as Pseudomonas, whose surface has Gram-negative bacteria, high movability and aerobic rod-shaped bacteria. This genus plays a large role in the degradation of organic matter; thus, it is likely that this genus can degrade contaminants on the membrane surface. The red slice of the MO1 pie chart represents the genus of bacteria, whose proportion was 12%, but there were no such bacteria in MO2 and the other samples; thus, there are currently only a few studies of this species, and the degradation of organic matter is not obvious. The green slice of the MO2 pie chart represents Bacillus which accounted for 23% and only existed in MO2. And Bacillus is widely distributed in the reduction environment. These species are particularly helpful in organic matter degradation, which also explains the lesser membrane pollution in the M-MBR. The dark gray slices of the MO1 and MO2 pie charts represent the Lai Salmonella genus which accounted for 12% and 11%, respectively. Although there were fewer studies on these bacteria, they played an irreplaceable role in the degradation of pollutants on the membrane surface in this study.
The above results show that a change in the microbial community occurs under a magnetic eld.
30, 31 Shi 32 found that a succession of alternate dominant species of different metabolic types was formed with an increase in the magnetic induction intensity. Shan 33 found that the magnetic effect increases the activity of some bacterial species, which adapt to the magnetic environment. The other species that are less adaptive are eliminated. The superior species will dominate as the variety decreases. These types of species are more likely to form the steady structure of the community. Ni 34 also showed that denitrifying bacteria biomass under a constant magnetic eld are higher in activated sludge samples.
Conclusion
This study provides a promising technique for signicantly alleviating membrane fouling by introducing a low-strength magnetic eld in MBRs from the two main ndings: (1) the application of a magnetic eld decreases the zeta potential and increases the particle size, which markedly contributes to the better ltration performance of MBRs; (2) the addition of a lowstrength magnetic eld signicantly affected the microbial community and composition, which has greater richness and more diversity in M-MBRs, and consequently affected the membrane fouling evolution.
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